Using micro-structured photo-conducting probes, we demonstrate full vectorial mapping of the complex electric fields in the near-field region of a resonant structure at THz frequencies. The investigated structure represents the simplest case of a resonator: a metallic rod. We show field amplitude as well as phase maps for the three field components at the half wavelength (λ/2) resonance of the rod. The field as well as the phase distributions are in excellent agreement with our physical understanding of local electric-field distributions in the vicinity of λ/2 resonant structures and are validated by numerical simulations. These measurements can be a platform for performance optimization of the emerging field of THz photonic and plasmonic devices with complex sub-wavelength structures. C 
I. INTRODUCTION
The angular spectral decomposition of an electromagnetic wave leads to two terms: a collection of propagating plane waves (far-field) and a distribution of spatially inhomogeneous nonpropagating evanescent waves (near-field). At sub-wavelength distances from the source, the contribution due to the near-field is significant compared to the far-field. These distances are referred to as the near-field region.
1,2 The initial motivation to measure the near-field was an attempt to break the 'diffraction-limit' of far-field imaging. These studies led to the feasibility of accessing and probing directly the electromagnetic field formation near sub-wavelength structures. Advances in near-field microscopy opened the world of manipulation of light in sub-wavelength volumes leading to several promising applications in the field of photonics. [3] [4] [5] [6] [7] [8] Attempts to measure and characterize near-fields were done first at optical frequencies, which paved the way for near-field detection techniques at THz frequencies. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Owing to the relatively long wavelengths of THz radiation (∼100's of microns), the creation of highly confined THz local fields in small volumes is critical for enhancing the interaction of THz waves with matter. The use of resonant structures for this purpose has been the topic of many interesting studies, especially for spectroscopy of deep-subwavelength structures. [21] [22] [23] [24] [25] [26] [27] [28] For these studies, it is important that the vectorial electromagnetic fields around these resonant structures are fully characterized both in frequency and space to ensure optimal performance. This characterization becomes more relevant owing to the significant frequency shift between resonances measured in the far-and the near-field. 29, 30 This shift has been recently shown to reach values comparable to the line-width of the resonance at THz frequencies due to the Fano interference in the far-field between the incident and scattered fields. 31 Therefore, the sole characterization of the far-field is not sufficient to describe resonant THz structures.
In the past, several groups have shown vectorial mapping of in-plane electric near-fields in optical and infrared frequencies by scattering polarization resolved techniques. [32] [33] [34] [35] These techniques offer a high spatial resolution but the detected field at different positions is a superposition of different field components. 36 Vectorial mapping of near electromagnetic fields at THz frequencies offers the potential to gather full information as local fields rather than intensity, which can be measured as a function of time. Several schemes have been developed for this purpose. Vectorial mapping of near-field components of resonant structures has been measured on top of non-linear crystals, using electro-optic detection. [37] [38] [39] This approach is limited by the necessity of having the sample on top of the high refractive index crystal and thus modifies the intrinsic near-field distribution of the investigated structure. Another approach uses electro-optic crystals as an external near-field probe. 40 This technique is limited by low sensitivity as well as partial invasiveness to the near-fields. Out-of-plane magnetic fields have been calculated from direct measurements of in-plane electric fields using photo-conductive (PC) antennas on substrates. 41, 42 Direct measurement of magnetic fields in the near-field region has also been demonstrated. 43 In this article, we use photoconductive switches imprinted on 1-µm-thin low-temperaturegrown GaAs micro-probe tips 17 to measure all the individual components of the complex electric near-field in three dimensions near a gold rod resonant at THz frequencies. It has already been shown that these tips show negligible invasiveness to resonant structures. 31, 44 Also, as the signal-to-noise (∼10 4 in intensity) and the rejection ratio for cross polarizations (∼10 3 in intensity) in our measurements are high, we can characterize both the spatial distributions of spectral intensity and phase of all the electric field components with high accuracy. These results are in very good agreement with the basic understanding of local field distributions at resonances and are further validated by numerical simulations.
II. EXPERIMENTAL TECHNIQUE
To demonstrate the spatial distribution of the near-field components of the electric field, we used the simplest sample geometry: a micro-rod resonant at THz frequencies. The sample consists of a rectangular rod made of gold on a quartz substrate. The dimensions of the rod are 100 µm along the long axis and 40 µm along the short axis. The height of the rod is 100 nm. The fabrication was done using UV lithography in combination with standard gold evaporation and subsequent lift-off techniques. A single rod was made on the substrate to avoid perturbation of the near-field due to the presence of other scatterers. The near-field micro-spectroscopy setup is driven by a femtosecond IR oscillator operating at 800 nm with a pulse duration of 20 fs and a repetition rate of 80 MHz. The output train of pulses from this oscillator is divided into two beams. The first beam which carries most of the power (∼350 mW) goes through a delay stage and is incident on a photo-conductive (PC) antenna which generates broadband THz radiation. 45 This radiation is weakly focussed onto the sample position by a pair of off-axis parabolic mirrors. The other beam carries a small amount of power (∼5 mW) and is used to bias the detector. This detector is a micro-probe-tip, 17 which operates on the principle of photo-conductive sampling. 46 The tip is a PC antenna downsized to sub-wavelength volumes (10 µm 2 ). The orientation of the PC gap in the tip defines the electric near-field component that it probes, as shown in Fig. 1 and explained later. The power rejection ratio of the microprobe for the other polarizations is more than 3 orders of magnitude. For each position in the delay stage of the first optical beam, which corresponds to a well defined temporal position in the THz electric field time-transient, the tip generates a proportional current. This current is amplified and measured using lock-in detection. By changing the delay of the THz pulse with respect to the bias probe-pulse, the whole THz transient can be measured and hence the transient electric field component of the near-field can be obtained. 
III. TERAHERTZ NEAR-FIELD IMAGING
The sample was mounted on a 3D configuration of linear translational stages enabling the probe-tip to measure the near-field at any position in the vicinity of the sample. All the near-field measurements were done on a plane with tip-to-sample distance of 1 µm. The polarization of the incident THz radiation was oriented along the Y axis. The long axis of the gold rod was also oriented with the Y-axis such that the length of the rod is parallel to the polarization of the THz beam. For measuring the in-plane (Y and X) field components of the electric field, we used the same probe-tip in parallel and crossed configurations as shown in Figs. 1(a) and 1(b) . For measuring the out-of-plane (Z) component, we used a different probe-tip which has the PC gap oriented along the Z axis as shown in Fig. 1(c) . Figure 2(b) shows the spectra derived from the transients of Fig. 2(a) by Fourier transformation and referencing to the corresponding bare substrate measurements. There is a clear resonant response at around 0.6 THz for all the field components. When the rod is illuminated by a broadband THz excitation, the charges near the surface of the rod are set into coherent oscillations. This forms a surface wave, which travels back and forth along the long axis of the rod (along Y). This oscillation of surface charges gives rise to a scattered field as well as an evanescent distribution of local fields around the rod. The local fields around the rods are highly enhanced near the sharp corners of the rod due to a large density of surface charges (lightning-rod effect). The frequency response of the surface charges is shaped by the geometry of the rod (also by the intrinsic losses) which gives rise to the resonant behavior at a well defined frequency. The local-or near-field intensity reaches its maximum at approximately the wavelength that corresponds to twice the dimension (l) of the rod which is oriented to the incident polarization. This is known as the λ/2 resonance as shown in Fig. 2(b) . Higher order resonances in the response (not shown here) are also generated following the progression l ≈ nλ/2, where n is the order of the resonance. It should be noted that the measured near-field intensities normalized by the reference measurement on a bare substrate shown in Fig. 2(b) do not represent the resonant local field enhancement. As the tip has a finite spatial resolution, the values of the electric field in the near-field measurements are averaged over a finite area. For the Y-component of the near-field, the tip also detects a fraction of the incident field that is not scattered by the rod. This intensity is also present in the reference measurement of the bare substrate and it is factorized by the normalization of the measurement. This non-resonant incident field is less relevant for the X-and Z-components of the electric field measurements due to the crossed polarization of these components with respect to the incident field. This explains the larger referenced near-field intensities for the X-and Z-components. The physics behind the mechanism of the resonance can be best explained by the spectral analysis of the data. As the near field transients are measured at all the points around the rod at a fixed sample-to-probe distance, the data extracted are in the form of a 3D matrix with in-plane spatial coordinates along the two axis and temporal delay along the third axis. Fourier transform allows us to get two more data-matrices of the electric field amplitude and phase as a function of spatial coordinates and frequency. We have obtained the spatial maps of the field amplitude and the phase at the resonance frequency for the three electric field components. These maps are shown in Fig. 3 , where panels (a) and (d) represent the measured amplitude and phase of the Y-component of the electric near-field at 0.6 THz. Panels (b) and (e) show the maps of the X-component and (c) and (f) are the near-field maps of the Z-component. The boundaries of the rod are marked in Fig. 3 by the white dashed rectangles.
To verify our results, we have simulated, using Finite difference in time domain (FDTD) method, the local fields in the vicinity of a rod. The rod has the same dimensions as explained earlier and it is illuminated by a broadband THz pulse similar to the experiments. Gold at THz frequencies behaves almost like a perfect electric conductor. Therefore, in our simulation we define the material of the rod as a perfect electric conductor. The simulation volume, containing a single rod, has boundaries that are perfectly matched in impedance to the environment. Figure 4 shows the spatial distributions of amplitude ((a), (c), and (e)) and phase ((b), (d), and (f)) of the different components of the simulated electric field at the resonant frequency at a height of 1 µm above the rod. The simulated field profiles qualitatively match the measured profiles. However, the features seen in the simulated field distributions are much sharper. This discrepancy is due to the fact that in the simulations we used a field monitor which has an infinitesimal resolution (10 nm), whereas the micro-probe tips in the measurements have a finite resolution (∼10 µm). Hence, as explained before, the measured fields are averaged over a larger sampling area, which results into a smeared out signal, i.e., the real field distributions are convolved with the spatial resolution of the tip.
To elucidate further the unique amplitude and phase distributions associated with the individual field components near the rod, we have simulated the same rods as before, however, this time illuminated by a monochromatic THz light. The frequency of this radiation was chosen to be precisely the resonance frequency of the rod. We define two electric field monitors: the first detects the field in the XY plane at a height of 1 µm above the rod, while the second detects the field in the YZ plane in the middle of the rod, i.e., X = 0. The rod is denoted by the green rectangle in the in-plane (XY) and by the green line in the out-of-plane (YZ) electric field maps. The white arrows represent the electric field vectors. The magnitude of the local field intensity is shown by the color scale. We define the two times, t 1 and t 2 , which represents two phases of the incident field at which the incident field amplitude reaches the positive and negative maxima in adjacent half cycles of one oscillation. Figures 5(a) and 5(c) represent the in-plane and out-of-plane electric field distributions, FIG. 5 . Simulated electric field distribution near a gold rod (in green). The times t 1 and t 2 indicate the phase of the incident electric field at which the field amplitude reaches the positive and negative maxima, respectively. Panel (a) shows the in-plane electric field vectors (white arrows) thereby elucidating the in-plane field components, E x and E y , at t = t 1 . Panel (b) shows the in-plane distribution of the electric field vectors at t = t 2 . Panels (c) and (d) show the out-of-plane (cross-cut through the long axis of the rod) electric field vectors showing the E y and E z along the rod at t = t 1 and t = t 2 , respectively. The color scale indicates the intensity of the local field in the maps.
respectively, in the vicinity of the rods at t = t 1 . In Figs. 5(b) and 5(d) the same information is shown for t = t 2 . If we project the electric field vectors in Figs. 5(a) and 5(b) along X and Y, it becomes evident that E y at both the ends of the rod have equal magnitude and direction, which gets shifted by π radians in the next half cycle of the illuminating field. This explains the measured field distribution of Fig. 3(a) . The uniform phase distribution of Fig. 3(d) is also described by the simulations because for all the edges of the rod E y oscillates in-phase with the driving field. We see in Fig. 5(a) that the projection of the electric field vectors along X results in opposite orientation of E x in the adjacent corners of the rod. This explains the formation of electric field 'hotspots' of opposite signs in the adjacent corners of the rod as shown in Fig. 3(b) . E x at the four corners of the rods oscillate with the driving field, but phase-shifted with respect to the adjacent corners, which gives rise to the phase distribution of E x in Fig. 3(e) . It is worth mentioning that along the long and the short axes of the rod, the magnitude of E x goes to zero. The phase is not defined along these axes, which define lines of phase singularities. The phase singularity lines are clearly seen in the measurements of Fig. 3(e) .
By analyzing Figs. 5(c) and 5(d), with similar reasoning, we can explain the field and phase distributions of E z in Figs. 3(c) and 3(f). Again we see the formation of a phase singularity along the short axis of the rod. The field profiles in the measured maps in Fig. 3 are in excellent agreement with the explanation based on the simulated maps in Fig. 5 .
IV. CONCLUSIONS
In conclusion, we have shown a complete characterization of near-fields generated near a resonator at THz frequencies. The field profiles were explained and supported by numerical simulations. The full vectorial characterization of the THz near-field will serve for the optimization of emerging photonic and plasmonic devices at THz frequencies.
